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We report the catalytic properties of ultra-small β-FeOOH nanorods in ozonation of
4-chlorophenol (4-CP). XRD, TEM, EDS, SAED, FTIR and BET were used to characterize the
prepared material. Interaction between O3 and β-FeOOH was evident from the FTIR spectra.
The removal efficiency of 4-CP was significantly enhanced in the presence of β-FeOOH
compared to ozone alone. Removal efficiency of 99% and 67% was achieved after 40 min in
the presence of combined ozone and catalyst and ozone only, respectively. Increasing
catalyst load increased COD removal efficiency. Maximum COD removal of 97% was
achieved using a catalyst load of 0.1 g/100 mL of 4-CP solution. Initial 4-CP concentration
was not found to be rate limiting below 2 × 10−3 mol/L. The catalytic properties of the
material during ozonation process were found to be pronounced at lower initial pH of 3.5.
Two stage first order kinetics was applied to describe the kinetic behavior of the nanorods at
low pH. The first stage of catalytic ozonation was attributed to the heterogeneous surface
breakdown of O3 by β-FeOOH, while the second stage was attributed to homogeneous
catalysis initiated by reductive dissolution of β-FeOOH at low pH.
© 2015 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences.
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Introduction

Oxidation processes such as biological, chemical and physical
are major steps during water treatment. In theory, chemical
oxidation processes overcome some of the drawbacks of the
physical and biological processes; however, as reported in
several researches, they do not bring about complete miner-
alization of water pollutants (Kasprzyk-Hordern et al., 2003).
Wide application of ozone as a chemical oxidant to mineralize
organic compounds can be found in the literature (Zhao et al.,
2008; Wen et al., 2012; Gonçalves et al., 2012; Marques et al.,
2013). Catalytic ozonation is speculated to be a promising
method for being environment friendly and its high effective-
ness (Ma et al., 2014). Catalytic ozonation using metal
@cput.ac.za (Mahabubur
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oxides and metal oxides on metal oxide-supports, such as
TiO2, MnO2, Al2O3, Cu-Al2O3, Cu–TiO2, Ru–CeO2, VO/TiO2,
VO-silica gel, TiO2–Al2O3 and Fe2O3/Al2O3, have been reported
(Kasprzyk-Hordern et al., 2003; Qi et al., 2013). However, very
little attention has been given toward iron oxy hydroxide
materials despite their low toxicity and cost as well as the
simple synthesis procedure. Catalytic properties of FeOOH
based materials, such as α-FeOOH (Park et al., 2004) and
γ-FeOOH (Chou and Huang, 1999), have been reported before
in the presence of H2O2 (Nie et al., 2014). Catalytic ozonation of
nitrobenzene has been reported using α-FeOOH and β-FeOOH.
Application of β-FeOOH/Al2O3 was reported in the degrada-
tion of pharmaceuticals (Yang et al., 2010) and also the
inhibition of bromate formation (Nie et al., 2014). In both
Chowdhury).
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cases catalytic efficiency of β-FeOOH was lower compared to
β-FeOOH/Al2O3 composite. Hu et al. (2012) reported the
application of β-FeOOH/ceramic honeycomb composite to
remove organic pollutants, i.e., atrazine and epichlorohydrin
from drinking water via catalytic ozonation. However, degra-
dation kinetics of more than one stage was not discussed in
the previous studies where β-FeOOH was used as a catalyst.

In our previous work, we showed that the surface tension
of the solvent can be used to control β-FeOOH particle growth
(Chowdhury et al., 2014a). Sequel to that, we reported the
synthesis of ultra-small β-FeOOH nanorods (Chowdhury et al.,
2014b). In this study, we evaluated the catalytic properties of
ultra-small β-FeOOH nanorods in an exploratory manner.
4-Chlorophenol (4-CP) was used as a target organic compound
for this study because of its toxicity and consequent threat to
the environment. The effect of pH, catalyst dose and initial
4-CP concentration on the removal of 4-CP by ultra-small
β-FeOOH nanorods in catalytic ozonation process were
investigated and reported in this study.
1. Experimental

1.1. Chemicals and materials

Analytical grade FeCl3·6H2O, NH4OH, ethanol (>99%) and meth-
anol (>99%) were purchased from B & M scientific South Africa
and used as it is without any purification. 4-Chlorophenol,
potassium iodide and tert-butanol (t-butanol) were obtained
from Sigma-Aldrich South Africa and used as it is. 99.9% oxygen
cylinder was obtained from “Air-Liquide” South Africa.

1.2. Synthesis of β-FeOOH

β-FeOOH nanorods were synthesized using the previously
reported method (Chowdhury et al., 2014b). During a typical
synthesis process, 120 mL of deionized water was mixed with
280 mLof absolute ethanol. The pHof the solutionwas raised to
10 by the addition of NH4OH dropwisely. 1.62 g of FeCl3·6H2O
was added to the solution and stirred to dissolve. The final pHof
the solution was 2. The solution was placed in a Teflon lined
pressure vessel and heated at 100 °C for 2 hr. The pressure
vessel was allowed to cool naturally after completion of the
reaction, followed by decantation of the supernatant liquid,
centrifugation, washing of the solid with ethanol severally to
remove residual chloride ions and storage in a desiccator.

1.3. Characterization of the prepared β-FeOOH

The crystal structures of the synthesized products were
determined using X-ray diffraction (XRD, PW 3830/40, Phillips,
Netherlands) with Cu-Kα radiation. The surface morphology
of the synthesized crystals was studied using a transmission
electron microscope (TEM, Tecnai TF20 thermionic, FEI,
Switzerland) equipped with a LaB6 filament and a Gatan GIF
energy filter. Images were captured at 200 keV in bright field
mode. Selected area electron diffraction (SAED) patterns were
obtained via the TEM, using the smallest area aperture
available. Energy dispersive spectrum (EDS) was also obtained
using TEM. Infrared spectra were collected using a FTIR
(Fourier Transform infrared spectroscopy) spectrometer
(3000 series, Perkin Elmer, USA) in the range of 4000–200 cm−1

in a KBr matrix. Specific surface area and pore diameter were
determined by nitrogen adsorption–desorption isotherm at
liquid nitrogen temperature (77 K) using a surface area
analyzer (TriStar 3000, Micromeritics, USA). The samples
were degassed at 35 °C for 24 hr prior to the measurements.

1.4. Ozonation degradation of 4-chlorophenol with the catalyst

For a typical experiment, 0.01 g of β-FeOOH nanorods was
dispersed in 100 mL of 2 × 10−3 mol/L 4-chlorophenol (water
was used as solvent) solution by sonication. Dispersed
β-FeOOH nanorods in 4-CP was fed in the homemade
200 mL glass reactor. The initial pH of the solution was
found to be 3.5. The solution was allowed to stand for 1 hr in
the reactor under stirring without passage of O3 gas to reach
adsorption equilibrium. Aliquots were drawn for analysis at
different time intervals to quantify 4-CP removal via adsorp-
tion. Once adsorption equilibrium was reached, a mixture of
O2/O3 was sparged into the glass reactor at a flow rate of
10 mL/min. Ozone concentration was kept constant at
28.24 mg/L, determined using indigo method (Bader and
Hoigné, 1981). Samples were withdrawn from the reactor at
regular interval using a glass syringe for 4-chlorophenol (4-CP)
determination. The drawn samples were filtered using a
0.20 μm membrane filter and centrifuged at 10,000 r/min.
4-CP concentration was determined by high pressure liquid
chromatography (LC-MS 6230, Agilent, USA) analysis, in which
a symmetry C-18 column was used. The mobile phase was 1/1
(V/V) formic acid/water at a flow rate of 1 mL/min. Preliminary
tests were conducted to check for 4-CP removal due to
filtration through amembrane filter (0.22 μmAcrodisc syringe
filters, Pall Corporation, USA). Themembrane filter did not aid
in the removal of 4-CP via adsorption. All experiments were
conducted in triplicate, and the average concentration values
of 4-CP were reported.
2. Results and discussion

2.1. Catalyst characterization

The TEM image of synthesized particles is presented in Fig. 1a.
Synthesized particles are rod shaped and have an average
diameter and length of ~5 ± 2 and 36 ± 10 nm, respectively.
The diameter ranges of the particles were narrow and limited
to 2–6 nm (Fig. 1d). The particles are very well dispersed
despite their ultra-small size. D-spacing of the particles was
calculated to be 5.30 Å from the selected area diffraction
(SAED) patterns (Fig. 1c), which corresponds to the (200)
diffraction planes of the β-FeOOH material. X-ray diffraction
(XRD) patterns (Fig. 1b) of the particles match the diffraction
peaks of β-FeOOHmaterials (JCPDS card No. 42-1315), which is
similar to the result of SAED. No other impurity peaks were
observed from the XRD patterns. EDS (Fig. 1e) was used to
identify the chemical structure of the β-FeOOH material. EDS
revealed that the as synthesized sample contained Fe, O and
Cl. Presence of Cl atoms also compliment the purity of the
material as Cl atoms are always located in the hollandite
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Fig. 1 – TEM (Transmission electron microscopy) image (a), XRD (X-ray diffraction) patterns (b), SAED (selected area electron
diffraction) (c), size distribution (d) and EDS (energy dispersive spectrum) (e) of β-FeOOH nanorod catalyst.

0

20

40

60

80

100

120

140

V
ol

um
e 

ad
so

rb
ed

 (
cm

3 /
g)

Relative pressure (P/P0)

a

b

0.0 

0.5 

1.0 

1.5 

2.0 

2.5 

011

dV
/d

lo
g D

 (
cm

3 /
g)

Pore diameter (nm)

140

142

144

146

148

150

152

0 0.2 0.4 0.6 0.8 1.0

0 5 10 15 20 25 30

T
ur

bi
di

ty
 (

FN
U

)

Time (hr)

Before shaking
After shaking

Fig. 2 – (a) Turbidity of β-FeOOH suspension and (b) nitrogen
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structure of the β-FeOOH nanorods (Song and Boily, 2012).
β-FeOOH has a chemical formula of FeO(OH)1 − xClx. According
to literature, the ratio of O:Cl equals to (2 − x):x (Shao et al.,
2005). The ratio of O:Cl was found to be 70.84:6.58 according to
EDS analysis. Hence the molecular structure of the synthe-
sized standard sample can be expressed as FeO(OH)0.83Cl0.17.
The Cu peak in the EDS analysis comes from the copper grid
used during the analysis.

The stability of the catalyst in suspension is critical from a
practical standpoint. Nanoparticles are likely to aggregate in
aqueous solution due to the high surface charge. Stirring is
required in most cases to keep the particles suspended for
enhanced catalytic performance. The settling of the β-FeOOH
nanorods was measured in terms of turbidity (Fig. 2a) to
evaluate particle stability. At first, the turbidity of the
nanorods wasmeasured as a function of time using a portable
turbidity meter (MI 415, Milwaukee Instruments, USA) for
24 hr. After 24 hr, the particles were shaken mildly and the
turbidity was measured again at regular interval. Only 5%
change in the turbidity values was observed over a 24-hr
storage time in both cases. If the particles agglomerated or
coagulated, the rate of settling after mild shaking would have
been different from the previous rate due to the change in
particle sizes and/or effective density. However, it was the not
the case in the present study. This implies that the particles
aremore likely to be electrostatically stabilized in the aqueous
solution during the time period studied despite their
ultra-small sizes. This can eliminate the need for extra energy
to keep the catalyst suspended in aqueousmedium during the
large-scale catalytic ozonation process and reduce the oper-
ating cost.

Nitrogen adsorption–desorption isotherm presented in
Fig. 2b showed that the synthesized nanorods exhibited type
IV isotherm according to the Brunauer–Deming–Deming–Teller
(BDDT) classification (Brunauer et al., 1940) with a well-defined
hysteresis loop due to capillary condensation (Deliyanni et al.,
2001). The hysteresis loop can be identified as type H1, which is
the characteristic of mesopores (Kruk and Jaroniec, 2001). BET
(Brunauer–Emmett–Teller) surface area and pore volume were
found to be 125 m2/g and 0.35 cm3/g, respectively. The pore size
distribution is presented as inset in Fig. 2b. The mean pore
diameter (d) was calculated using Eq. (1) (Deliyanni et al., 2001)
and was found to be ~5 nm.

d ¼ e
SA

ð1Þ
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where, e (cm3/g) is the pore volume and SA (m2/g) is the
surface area.

2.2. FTIR spectra characterization

The as prepared catalyst was evaluated by FTIR after
treatment with ozone. For this experiment 0.01 g of β-FeOOH
was added to 100 mL “miliQ” water and treated with or
without O3 for 1 hr. The treated samples were dried at 333 K
overnight. FTIR spectra of the ozone treated, water treated
and untreated β-FeOOH are presented in Fig. 3a. Absorption
peak at wavelength ranges of 3357–3384 and 1630–1700 cm−1

can be attributed to O–H vibrations of the absorbed water
molecule. Peaks at wavelength ranges of 841–892, 681–688,
and 496–570 cm−1 can be attributed to the vibration modes of
the FeO6 coordination octahedron (Xu et al., 2013). However, a
new peak at 1380 cm−1 appeared for the ozone treated
β-FeOOH sample. Similar observation was reported by Yang
and co-authors during the application of α-Al2O3/β-FeOOH for
the degradation of pharmaceutical compounds (Yang et al.,
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2010). Zhao et al. (2009) studied the relationship between the
density of the surface –OH2

+, the point of zero charge of the
catalyst and the formation of the hydroxyl radicals. They
indicated that the initiation of OHU was due to the interaction
of ozone in aqueous solution with the surface carrying –OH2

+.
Based on this, Yang and co-authors confirmed that the
appearance of the 1380 cm−1 peak was due to the interaction
between Lewis acid sites on α-Al2O3/β-FeOOH surface with
water and ozone. Hence, the appearance of a new peak at
around 1380 cm−1 on the ozone treated β-FeOOH nanorod in
this study is attributed to the interaction between the
hydroxyl groups and the chemisorbed water and ozone. The
pH point of zero charge was found to be 9 for the catalyst
(Fig. 3b). Any upward shift in point of zero charge will enhance
the ionization ability of H+. The initial pH of β-FeOOH
suspension decreased with increasing catalyst concentration
(Fig. 3c), i.e., for 0.01, 0.05 and 0.1 g/100 mL catalyst load the
initial pH was 3.5, 3.12 and 2.95, respectively. Previous work
(Yang et al., 2010) using 2 g/L β-FeOOH and α-Al2O3/β-FeOOH
stabilized pH of solution at 6–7 and 4.64 respectively. The
synthesized β-FeOOH in this study showed much lower drop
in solution pH compared to the work reported previously in
literature, indicating that the synthesized ultra-small
β-FeOOH nanorods have acidic surface. This was also evident
from the formation of a new peak in FTIR spectra.

2.3. Catalytic activity of β-FeOOH

Catalytic activity of the synthesized ultra-small β-FeOOH
nanorodswas evaluated in terms of 4-CP degradation efficiency
(μ) (Fig. 4). In the presence ofβ-FeOOHnanorods and ozone, 99%
of 4-CP was removed after 40 min. Only 67% of 4-CP was
removedwhen ozoneonlywas used. In the absence of ozone (in
the presence of β-FeOOH only) negligible amount of 4-CP (3%)
was removed, indicating that the role of adsorption on
enhanced removal of 4-CP was minimal. Therefore, the
prepared ultra-small β-FeOOH nanorods exhibit good catalytic
behavior for the ozonation degradation of 4-CP.

2.4. Effect of initial pH on the degradation efficiency of 4-CP

The pH of the bulk solution affects the rate of oxidation of
ozone with organics. At high pH, ozone reacts with hydroxyl
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Fig. 4 – Degradation efficiency of 4-chlorophenol (4-CP) by
catalytic ozonation. Reaction conditions: temperature 20 °C;
initial pH 3.5; initial 4-CP concentration 2 × 10−3 mol/L;
β-FeOOH load 0.01 g/100 mL; O3 dose 0.6 mg/min.
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ions to generate highly reactive and non-selective hydroxyl
radicals (Eqs. (2)–(9)). Experiments were conducted at varying
initial pH (3.5, 7 and 10) to evaluate the degradation process. In
the absence of catalyst, the degradation rate of 4-CP by ozone
was evaluated by using a first order reaction kinetics (Fig. 5a).
It can be seen from Fig. 5a that the reaction rate constants (k)
increase with the increasing pH value.

OH− þ O3→O2 þ HO−
2 ð2Þ

HO−
2 þ O3→HO�

2 þ O−�
3 ð3Þ

HO−
2 þ Hþ↔H2O2 ð4Þ

HO�
2↔Hþ þ O−�

2 ð5Þ

O−�
2 þ O3→O2 þ O−�

3 ð6Þ

O−�
3 þHþ→HO�

3 ð7Þ

HO�
3→HO� þ O2 ð8Þ

HO� þ O3→HO�
2 þ O2 ð9Þ

In the presence of β-FeOOH + O3, OHU is produced in the
bulk solution due to the breakdown of ozone by OH−, and also
on the surface of β-FeOOH due to catalyst surface reactions
with ozone. In a control experiment, a radical scavenger,
tert-butanol (t-butanol, 2 × 10−2 mol/L) was added to the 4-CP
solution (pH 3.5) to evaluate the effect of oxidation via
hydroxyl radical. The presence of t-butanol decreased the
4-CP removal efficiency significantly, and the degradation
efficiency was only 60% in 40 min. This value wasmuch lower
than that without t-butanol (99%), highlighting the significant
role of radicals in this oxidation process. A first order kinetic
y = 0.0911x-0.3771 
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Fig. 5 – Dependence of reaction kinetics on initial pH values. (a) U
reaction kinetics in the presence of ozone and β-FeOOH at low p
pH of 2.4. Reaction conditions: temperature 20 °C; initial 4-CP co
dose 0.6 mg/min. C0 and Ct are initial and final 4-CP concentratio
model was used to describe the kinetic behavior at pH 7 and
10 (Fig. 5b). However, the same was not observed when the
initial pH of the solution was 3.5 (Fig. 5c). The reaction kinetics
does not follow any specific reaction order. This hints toward
the possibility of secondary mechanism of radical production
in O3 + β-FeOOH as the pH value decreases. Sauleda and
Brillas (2001) observed the same phenomena during the
mineralization of aniline with Fe2+ and H2O2, but no clarifica-
tion was presented in their work. The reaction kinetics for
such a reaction would therefore have two differing stages, as
can be seen from Fig. 5c: Stage 1 where the degradation is
solely by ozone and radicals generated due to interaction with
OH− or on the surface of the iron oxyhydroxide, and a second
stage due to reductive dissolution of β-FeOOH. Atomic
absorption spectroscopy (AAS) was used to measure the iron
concentration in the solution (Fig. 5d). It can be seen from
Fig. 5d that the iron concentration in the solution increases
steadily after 30 min at pH around 2.4. This confirms
reductive dissolution of β-FeOOH. Hence, we propose that
acidic pH promotes reductive dissolution of β-FeOOH to Fe2+

according to the reaction:

β‐FeOOHþ 3Hþ þ e−→Fe2þ þ 2H2O ð10Þ

The generated Fe2+ then reacts with O3 via Eqs. (11) and (12)
to further generate OHU radicals.

O3 þ Fe2þ→FeO2þ þ O2 ð11Þ

FeO2þ þH2O→Fe3þ þ OH� þ OH− ð12Þ

Previously two-stage mechanism has been identified and
was used to describe the kinetics of peroxide decomposition
on the lepidocrocite surface (Chou and Huang, 1999). Even
y = 0.1219x-0.5716 
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though it has never been applied to ozonation experiments,
the kinetic data obtained in our experiments indicate that
such a mechanism also applies in our study. The first stage
(Fig. 5c) has a lower rate constant (k = 0.054 min−1), because
heterogeneous catalysis dominates the stage, while the
second stage has a higher rate constant (k = 0.235 min−1), as
homogeneous catalysis is dominant because of β-FeOOH
dissolution. The high degradation efficiency (in the pres-
ence of β-FeOOH + O3) at pH 3.5 compared to ozone only
(Fig. 4) was therefore attributed to the contributions from
direct ozonation, heterogeneous catalysis and homoge-
neous catalysis.

2.5. Effect of catalyst load

From the environmental point of view, conversion of any
organic pollutant, as 4-chlorophenol, is only the first step in
the ultimate objective, i.e., to attain the mineralization of the
corresponding solutions. Based on the highlighted mode of
operation of β-FeOOH, increasing the amount of reductive
Fe2+ in solution at the onset of the homogeneous catalytic
stage of the degradation process is bound to increase the rate
of 4-CP mineralization. On such a hypothesis, further exper-
iments were conducted at increased doses of β-FeOOH (0.05
and 0.1 g) to evaluate the removal of chemical oxygen
demand (COD). The Fe ion concentration in solution increased
with increased catalyst load. In the presence of ozone only,
62% of COD was removed (Fig. 6a). COD removal results also
showed that in the presence of catalyst and ozone, COD
removal was independent of catalyst load for the first 20 min
of the reaction. However, after 20 min of reaction, the removal
of COD increases with the increasing catalyst load. Maximum
of 78%, 86% and 97% of COD was removed for 0.01, 0.05 and
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0.1 g of catalyst load, respectively. So it can be suggested that
the addition of ultra-small β-FeOOH nanorod significantly
enhances the mineralization of 4-CP compared to ozone
alone. In all cases, the 4-CP removal rate was best described
by two-stage degradation kinetics (Fig. 6b). The first stage of
degradation had almost similar rate constant of ~0.05. The
second stage of the degradation of 4-CP, however, showed a
dependence of the rate constants on the catalyst load. The
second stage rate constants increased with increasing catalyst
load due to homogeneous catalysis. The corresponding leaked
Fe content is presented in Fig. 6c. It can be seen from Fig. 6c
that the Fe concentration increases after 20 min of reaction in
all cases. This implies that the Fe concentration in solution
increases significantly at the second stage of the catalysis, i.e.,
homogeneous catalysis. Two different doses, 4 and 400 mg/L
of Fe3+ were used to compare the efficiency of pure homoge-
neous catalysis with the heterogeneous catalysis stage (1st
stage) when β-FeOOH was used as a catalyst. This range
covers the amount of Fe present in 0.01 g of β-FeOOH. The
reactions using Fe3+ were run for 30 min for direct comparison
of pure homogenous catalysis with β-FeOOH heterogeneous
catalysis stage. It can be seen from Fig. 6d that the rate
constant for heterogeneous catalysis stage using β-FeOOH
(k = ~0.05 min−1) was higher than that of pure homogeneous
catalysis using Fe3+ (k = 0.021, 0.029 min−1 for 4 and 400 mg/L).
This suggests that β-FeOOH provides the active catalytic sites
for 4-CP degradation. Despite the fact that the catalyst suffers
dissolution at low pH, the cheap and simple synthesis
technique might make the ultra-small β-FeOOH nanorod a
potential catalyst for ozonation purpose. Presently search for
a suitable support is underway to prevent the dissolution and
maximize the catalytic efficiency of ultra-small β-FeOOH
nanorods.
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2.6. Effect of 4-chlorophenol concentration

Experiments conducted at varying concentrations of 4-CP also
showed two stage degradation kinetics (Fig. 7a). Fig. 7b shows
that when the concentration of 4-CP was below 2 × 10−3 mol/L,
both rate constants i.e., first and second stages, increase with
increasing 4-CP concentration. It suggests that the initial
concentration of 4-CP is not rate limiting below 2 × 10−3 mol/L.
In both cases, the second stage rate constants are larger than
the first stage rate constants, implying faster degradation of
4-CP during homogenous catalysis.
3. Conclusions

Hydrothermally synthesized ultra-small β-FeOOH nanorods,
with diameter range of 2–6 nm were evaluated in an explor-
atory manner as a possible catalyst for 4-CP degradation by
ozone. Interaction between ozone and the surface of the
β-FeOOH was evident from the FTIR results. The catalyst
significantly promoted the degradation of 4-CP compared to
ozone alone. Adsorption of 4-CP on the catalyst surface was
found to be negligible. Two stages of degradation kinetics
were observed at low pH during 4-CP degradation. The first
and second stages were attributed to heterogeneous and
homogenous catalysis, respectively. Evidence of reductive
dissolution also comes from the increasing Fe concentration
in solution with time. However, the reaction rate constants of
the heterogeneous stage using β-FeOOH were found to be
higher than that of pure homogenous catalysis when pure
Fe3+ was used for comparison purposes. This suggested that
the β-FeOOH surface provides the active catalytic sites.
Increasing catalyst load increased the COD removal efficiency.
Maximum of 97% COD was removed using 0.1 g/100 mL
catalyst load. Present work is in progress to find a suitable
support for ultra-small β-FeOOH nanorods that will prevent
the reductive dissolution and improve the catalysts efficiency.
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